We propose a process for the direct synthesis of solar grade Si from a metallurgical Si wafer focusing on the fact that its microstructure is composed of almost pure Si grains and grain boundaries enriched with impurities. Principally, heating a metallurgical grade Si wafer above its eutectic temperature and applying a temperature gradient allows the grain boundaries to be melted and causes them to migrate to the high-temperature direction. The liquid phases are nally terminated at the end surface, resulting in the upgrading of the Si and making it more favorable for solar cells. In the present paper, to determine the puri cation effect during the liquid phase migration process, thermodynamic assessment was performed using CALPHAD method. Liquid phase migration experiments were also conducted using synthetic MG-Si (Si-Fe alloy) to determine the reaction time for the process. A maximum migration velocity of 8.17 × 10 −7 m/s was obtained at 1623 K, which allows the migration process to be accomplished within 3 min for a 150-μm wafer.
Introduction
Solar energy is one of the most prominent renewable energies for the upcoming sustainable society because of its environmental cleanliness. However, the cost of installing solar cell systems is still high despite the signi cant increase in solar cell production during the past decade. To develop a roadmap for grid parity and the widespread use of photovoltaics, an abundant feedstock of low-cost solar grade Si (SOG-Si) is an inevitable requirement. To solve the problems of the conventional Siemens method 1, 2) , that is, its feed rate limitations as well as high production cost, alternative approaches such as the modi ed Siemens process 3) and uidized bed reactor process 4) have been proposed. However, the large amount of energy required to convert Si into gaseous phases sets a limit on their cost reduction. Subsequently, metallurgical puri cation methods such as directional solidi cation 5) , vacuum re ning 6) , plasma oxidation [7] [8] [9] , and solvent re ning [10] [11] [12] were researched and partly industrialized. Thus, a number of alternative routes have been developed for producing SOG-Si. However, all of the above-mentioned methods require a plurality of processes from upper to lower processes such as ingot casting and wafer slicing, both of which decrease productivity and cost efciency. Achieving combined direct wafer fabrication and puri cation will greatly innovate Si solar cell production.
Metallurgical grade Si (MG-Si), which is produced by the carbothermic reduction of quartz followed by casting of the melt, generally includes 1.5-2% of impurities such as Al, B, P, and Fe. Typical impurity contents for MG-Si are shown in Table 1 . For solar cell applications, the impurity levels are said to be reduced below 0.01 ppmw for transition metals and below 0.3 ppmw for dopant elements. In MG-Si, most of the metallic impurities are distributed at the grain boundaries mainly as silicide phases, while the Si grains are almost pure. The low transition metal impurity concentrations of generally less than 1 ppmw in Si grains are attributed to their extremely small segregation coef cients (e.g., k Fe = 6.4 × 10 ). This spontaneous segregation of impurities enables the remarkable puri cation of MG-Si if the impurity phases are selectively removed.
In this paper, the authors focus on heat treatment above the eutectic temperature but below the melting point of Si (1687 K) with a temperature gradient as schematically shown in Fig. 1 . Such a temperature allows the phases enriched with impurities to be melted while the rest of Si grains remain in a solid state. Additionally, the temperature gradient leads to the migration of the liquid phases towards the higher temperature side of the MG-Si, and eventual termination at the end surface. Puri cation of the MG-Si can thus be accomplished just by removing the impurity enriched phases accumulated at the surface after the migration. Subsequently, we targeted the development of a process for the direct synthesis of solar cell Si wafer from MG-Si using this migration of the impurity enriched liquid phases combined with the edge-de ned lm-fed growth process, which has been adopted for the production of ribbon Si 14) (generally pulled up from a high purity Si bath). The proposed process is schematically shown in Fig. 2 . The ribbon Si is directly pulled up from the MG-Si melt bath, and simultaneous heat treatment of the ribbon Si from one side enables the impurities to be terminated at the surface during the pulling. To assess the feasibility of the new direct process, the puri cation limit of MG-Si must be revealed. Additionally, understanding the kinetics of the migration is important for controlling the process.
Therefore, the upgrading of Si by liquid phase migration in solid Si was investigated using both thermodynamic and experimental approaches. The puri cation limit of the MG-Si with the heat treatment was rst evaluated from the equilibrium phase relation using the available thermodynamic data. Secondly, the migration behavior of the liquid phases dispersed in the solid Si was investigated. One of the major impurities in MG-Si, Fe, was selected as the sole impurity to simplify the system to enable the kinetics of migration to be more easily assessed. The migration of Fe-Si melt in solid Si at 1523-1623 K was evaluated based on the diffusion in the liquid phase. The interdiffusion coef cient in the liquid phase was evaluated from the measured migration velocity, with the modi cation of the density difference between the solid and liquid Si.
Thermodynamic Evaluation of Puri cation Limit

Estimation method
In this section, the thermodynamic limitations for the puri cation of MG-Si by the liquid phase migration process are estimated. Here, we assume a condition in which the impurity enriched liquid phase is completely separated from the solid Si after migration and is isothermally equilibrated with the solid Si by considering a small temperature difference in the system. Al, B, C, Ca, Cr, Fe, Mg, Mn, and Ti were considered as impurities in the MG-Si for the calculations. The composition of the simulated sample of MG-Si used for the thermodynamic estimations is listed in Table 1 . Equilibrium phase calculations were conducted to determine the compositions of the solid Si and separated liquid phase.
To obtain the Gibbs energy of the solid Si containing impurity elements, the activity coef cients of the impurity elements in in nitely dilute solution, listed in Table 2 [15] [16] [17] [18] [19] , were employed. The Gibbs energy of the liquid phase was treated as that of a Redlich-Kister type sub-regular solution . The binary interactions were taken into account when either of the interacting elements was more than 3.5 mol% in the liquid phase. Their sub-regular solution parameters are listed in Table 3 . Interactions in the liquid phase between dilute components, that is, interactions between B-C, B-Ca, B-Cr, B-Mg, B-Mn, B-Ti, C-Ca, C-Cr, C-Mg, C-Mn, C-Ti, Ca-Cr, Ca-Mg, Ca-Mn, Ca-Ti, Cr-Mg, Cr-Mn, Cr-Ti, Mg-Mn, Mg-Ti, Mn-Ti were not included in the calculation because of their lesser effect on the equilibrium state. Higher order interactions were also ignored. Additionally, the formation of stable compound SiC was considered using its reliable thermodynamic data 52) . The equilibrium phase calculation was performed at 1480-1687 K using the thermodynamic calculation software FactSage 6.4. The bottom temperature of the estimation was decided from the eutectic temperature of the Fe-Si system to ensure the formation of a liquid phase because Fe is one of the major impurities in MG-Si.
To enhance the puri cation, the addition of another element to MG-Si was also studied by changing the composition of the liquid phase during the migration process. Here, Cu was selected as the additive element owing to its moderate allowable content in solar cell applications (1.5 ppmw 53) ) as well as its good af nity for Al, Ca, and Mg in the liquid Table 3 Sub-regular solution parameters of the liquid phase used for the calculation.
System Sub-regular solution parameter,
Excess Gibbs energy for the liquid phase, phase. The thermodynamic data for the calculations including Cu are also listed in Tables 2 and 3 , and the effect of Cu addition on the puri cation of MG-Si was examined.
Estimation results for puri cation 2.2.1 Puri cation of MG-Si
Under solid-liquid equilibrium, the chemical potentials of the components are equivalent in both phases. Therefore, the solid solubilities of the impurities in the Si, X s i , are described by the following equation. Table 2 and are those at in nite dilution. The solid solubilities of the respective binary systems and the corresponding contents in the liquid phases were estimated and are shown in Figs. 3(a) and 4(a), respectively. The solubilities generally take maximum values in case of Si binary systems. When the liquid phase is a multicomponent system, they can be expected to decrease mainly because of the dilution of the elements in the liquid phase.
The estimated impurity contents in the solid Si after performing the migration process on the simulated sample of MG-Si (Table 1) are shown in Fig. 3(b) . The corresponding impurity contents in the liquid phase are shown in Fig. 4(b) . After the migration process, the contents of the metallic impurities are considerably decreased from their initial contents in the MG-Si and are even much lower than their solid solubilities shown in Fig. 3(a) . The contents of Cr, Mg, Mn and Ti become smaller than 10% of their solid solubilities in the respective binary systems after liquid phase migration above 1523 K. The contents of Al and Ca are smaller than 20% of their binary solid solubilities. In contrast, Fe is the main component among all the impurities and thus its content is around 50% of its binary solid solubility. To discuss this reduction in impurity content in detail, the impurity contents as well as their activity coef cients in the liquid phase for MG-Si and the respective binary systems were compared at 1480-1681 K and are shown in Fig. 5 . Note that solid-liquid equilibrium in the Si-B system is limited to just below the melting point of Si, so the activity coef cient of B in the binary system was used to extrapolate that at in nite dilution. The decrease in the contents of the transition metals in solid Si from their solid solubilities in the binary systems can be considered to be mainly caused by dilution because the difference in their activity coef cients was not signicant. The activity coef cient of Ca in MG-Si was relatively Table 1 . Table 1 .
larger than that in the binary systems, mainly owing to the repulsive interaction in the Ca-Fe system in the liquid phase (see Table 3 ). As a result of the signi cant dilution effect, the contents of Ti, Mn, and Cr in the solid Si were estimated to be less than 0.05 ppmw, which is comparable with the allowable amounts for solar cell Si, while additional re ning is inevitable for Al, B, and Fe.
In the temperature range of the calculations of the simulated MG-Si, the total impurity content exhibited an increasing tendency with decreasing temperature, while Fe, Mn, and Ti had a retrograde solubility limit, the same tendency as in the binary systems. Improvement of the puri cation limit can be thus obtained at higher temperature, mainly owing to the decrease in the impurity content of the liquid phase. On the other hand, a lower temperature is effective in improving the yield of Si and heat treatment at less than 1670 K was found to be needed to obtain a yield of more than 90%. The fraction of liquid phase should also be carefully managed through temperature control to obtain a high throughput. Although further puri cation is needed, the total amount of impurities in the solid Si was predicted to be lower than 100 ppmw over the whole temperature range, and lower than 50 ppmw at above 1670 K from the initial amount of 0.747 mass%, which is much lower than the summation of the solid solubilities of each element.
Enhancement of puri cation of MG-Si by Cu addition
Further puri cation by adding Cu to the MG-Si was also examined. Cu in Si can be easily removed by the gettering process because of the large diffusion coef cient of Cu in solid Si 54) . Assuming that a Cu content of around 100 ppmw after puri cation is acceptable, addition of 2 mass% Cu to the MG-Si was examined. The estimated impurity content in the solid Si and liquid phase after the distribution is shown in Figs. 3(c) and 4(c) , respectively. The relative amount of impurities in the solid Si obtained from their distributions without Cu addition at 1623 K is also shown in Fig. 6 . For metallic impurities, the content of each impurity element was decreased to less than 40% by the addition of Cu at 1623 K. Especially, the contents of Al, Ca, and Mg impurities were effectively decreased to less than 25%. However, Cu addition was not effective in reducing the contents of the nonmetallic impurities, B and C. To further evaluate the effect of Cu addition, the impurity contents in solid Si and the activity coef cients in the liquid phase were calculated and are shown in Fig. 7 . At lower than 1623 K, the activity coefcients of Al, Ca, and Mg decreased with increasing Cu content. The more effective removal of these elements than that of the other impurities was thus obtained both through dilution and interactions between Cu-Al, Cu-Ca, and Cu-Mg. At 1673 K, the activity coef cients of all the elements were almost the same regardless of Cu content, resulting in a decrease in impurity content only from the effect of dilution. Although a certain decrease in impurity content was predicted, further treatment would still be required for Al, Ca, and Mg. If we presume direct re ning starting from the melting of the MG-Si and subsequent solidi cation process, pre-treatment by oxidizing re ning should be effective because these elements are more easily oxidized than Si. In that case, the contents of Al, Ca, and Mg could be decreased to less than 100 ppmw using SiO 2 -rich slag 55) after the slagging process. Application of the proposed migration process with Cu addition to the re ned MG-Si should result in Al, Ca, and Mg contents below the allowable levels.
Liquid Phase Migration in Fe-added Si
Experimental method
To study the migration behavior of the impurity enriched liquid phases dispersed in the solid Si, an Fe-added Si plate was subjected to heat treatment under a temperature gradient. Figure 8(a) shows the experimental apparatus used for the heat treatment. The temperature gradient was applied to the sample plate in the downward direction, obtained by heating the sample from the top using an infrared image furnace. This enabled buoyancy convection in the liquid to be suppressed.
A 0.2 mass% Fe-added Si plate (ϕ10 mm) was prepared by melting Si lumps (6 N) and Fe wire (99.9%) in a graphite crucible, followed by quenching and slicing. The plate was polished to obtain mirror faces and a thickness of 0.4-0.6 mm. After the plate was xed on the hollow graphite holder, the chamber was evacuated and the sample was heated under vacuum. The temperature of the bottom of the Si plate was measured using a single color pyrometer (λ = 0.9 μm, IR-C S1SYA, CHINO Co.). The heating rate of the sample above the eutectic temperature of Si and FeSi 2 (1480 K) was carefully controlled to over 400 K/min to minimize the migration during heating. The sample was then held at 1523-1623 K for 2.5-30 min to cause the liquid phases to migrate in the solid Si. Before and after the heat treatment, the distribution of the impurity enriched phases was investigated by exploiting the infrared transmission property of Si. The Si plate was placed on an Al mirror, and the position of the impurity enriched phases in the thickness direction was measured by re ective observation using an infrared optical microscope equipped with an InGaAs camera (XS 2825, Xenics Co.). For each sample, the migration distance was determined at more than ve positions to ensure reliability, and the average migration velocity was used for the evaluation.
Accurate measurement of the temperature gradient in the sample was dif cult because the temperature difference between both surfaces was very small in the thin plate sample. Therefore, the gradient was estimated based on the sample being heated from the top and cooled from the bottom by radiation. By assuming a steady-state in which the conductive heat ux in the solid Si was balanced with the radiation from the bottom surface as well as the conductive heat ux of the liquid phases, their relations are expressed by the following equation if the temperature gradient in each phase is constant.
Here, ε is the emissivity of solid Si (ε Si = 0. 65 56) ), σ is the Stefan-Boltzmann constant (5.7 × 10 −8 W·m
), T is the temperature at the bottom surface of the sample, k s (or k l ) and G s (or G l ) are the thermal conductivity and temperature gradient in the solid Si (or liquid phase), respectively. k l was obtained from a model for a binary system 57) using the thermal conductivities of the pure components 58, 59) and their . In some samples, the temperature gradient was decreased by coating the bottom surface of the Si plate with Al 2 O 3 (ε Al2O3 = 0.40 61) ) to change the radiation. Figure 8 (b) shows an example of the cross sections of the samples before and after the heat treatment. The impurity enriched phases dispersed in the solid Si before the heat treatment existed at the grain boundaries in the shape of thin lms (a few μm in thickness). After the heat treatment, the impurity phases migrated to the high-temperature side, and became rounded and agglomerated with the sizes of about 10-100 μm in diameter. This change in shape likely arose from the minimization of the interfacial area of the phases to decrease the energy of the solid-liquid interface.
Migration behavior results
The measured migration velocity of the liquid phase at liquidus composition at the experimental temperatures is summarized in Table 4 . The migration velocity at 1548 K without Al 2 O 3 coating was equivalent regardless of heat treatment time. A constant migration velocity was obtained throughout the heat treatment because the temperature difference calculated using eq. (2) was estimated to be less than 7 K from the thickness of the sample. Figure 9 shows the temperature dependency of the migration velocity. The migration velocity increased with temperature. A signi cant increase in the velocity was observed above 1598 K, suggesting a decrease in the difference between the Si contents of the solid and liquid phases caused by the increase in the Si content of the liquid phase.
The decrease in migration velocity caused by coating the bottom surface of the sample with Al 2 O 3 was also conrmed, which was caused by the decrease in radiation from the low temperature surface. The relationship between the migration velocity at 1548 and 1573 K and the temperature gradient in the liquid phase estimated from eq. (2) is shown in Fig. 10 . The migration velocity was found to be nearly proportional to the temperature gradient at both temperatures.
Discussion 3.3.1 Kinetic model for liquid phase migration
The basic principle of the migration of the liquid phase is identical to that of the temperature gradient zone melting (TGZM) method rst proposed by Pfann 62) . The interfaces of the liquid phases dispersed in the solid Si matrix are assumed to be at solid-liquid equilibrium at the treatment temperature. The temperature gradient in the liquid phases allows the concentration gradient, leading to their mass transfer in the melt. Dissolution of Si into the liquid phase is then expected at the high-temperature interface to maintain its Si saturation, while the precipitation of Si occurs at the low temperature interface. This continuous dissolution and precipitation of Si through the liquid phase causes the liquid phase to spontaneously migrate towards the higher temperature side. Here, the convection in the liquid phase is assumed to have been negligible during the migration under the decreasing temperature gradient in the downward direction. Additionally, the reactions at the interfaces were pre- sumably fast enough under the high experimental temperature. The migration was thus assumed to be controlled by the diffusion in the liquid phase. Under the steady-state, the ux of component i (Si or Fe) in the liquid phase, J i , can be described by the following equation. /∂T), and the temperature gradient, G l .
If the ux is equivalent to the migration velocity, that is, the solid-liquid interface stays in the equilibrium state, and if the difference in molar volume between the solid and liquid phases is negligible, the migration velocity, v, can be expressed by the following equation.
where C solid Si is the concentration of Si in the solid phase per unit volume. The migration velocity roughly proportional to the temperature gradient found in Fig. 10 can be thus explained by the diffusion controlled process. However, Si is known to show an abnormal liquid phase transition, namely, the density of Si in the liquid phase is larger than that in the solid phase, which causes expansion during solidi cation when the Si content of the liquid phase is high such as in this work (>75 mol% Si), and the left hand side of eq. (4) to become negative. To solve this problem, we assume that during the solidi cation process: (1) the Si ux during diffusion through the liquid phase is consumed by the hypothetical pure liquid Si, and (2) the hypothetical liquid transits to form solid Si with expansion, and newly propose eq. (5) to express the growth rate from the abnormal liquid,
where 
Here, V l represents the molar volume of the liquid phase at the liquidus composition and m is the reciprocal of the liquidus line obtained by ∂X l Si /∂T. The interdiffusion coef cient in the liquid phase at the liquidus composition can be thus obtained from the migration velocity.
Evaluation of interdiffusion coef cient
In the evaluation of the diffusion coef cient, V s and V * l were assumed to be equivalent to the molar volumes of pure solid and liquid Si 60, 63) , respectively, and V l at each liquidus composition was estimated from the values measured at 1820 K by Mizuno et al. 64) m was obtained from the liquidus for solid Si in the Fe-Si system 65) . The interdiffusion coef cients obtained via eqs. (4) and (5) are summarized in Table 5 alongside the physicochemical properties used for the evaluation. The interdiffusion coef cient obtained from eq. (5) increases with temperature, while that from eq. (4) shows the opposite tendency. Thus, eq. (5) was found to be reliable even at high Si content in the liquid phase, at which the effect of the density difference on eq. (4) is inevitable.
According to Darken 66) , the interdiffusion coef cient for a binary i-j system is described by the following equation.
where D 67, 68) and dlnγ i /dX i at the liquidus composition was calculated from the excess Gibbs energy of the liquid phase 69) . The estimated interdiffusion coef cient at the liquidus composition obtained from eq. (6) is shown in Fig. 11 with the measured values obtained from eq. (5). The composition dependence of the diffusion coef cient calculated with eq. (5) was roughly reproduced by eq. (6).
Diffusion coef cient in various Si-metal systems
The relation between the interdiffusion coef cients obtained from eq. (5) and the reciprocal of temperature is shown in Fig. 12 with the reported interdiffusion coef cients in Si-Al 70, 71) , Si-Au 72) , and Si-Sn 73) systems. Note that the reported diffusion coef cients measured using the TGZM technique [71] [72] [73] were recalculated using eq. (5). The molar volumes of the Si-Al and Si-Au systems were assumed to obey the additivity of the pure components 60) . The interdiffusion coef cients obtained for the Si-Fe system were almost on the same order of those of the Si-Al and Si-Au systems, although the temperature ranges were different. However, the measured values are much larger than those for the Si-Sn system. Because Si atoms occupy substitutional sites in these binary alloys, their diffusivity in Si is speculated to increase in the order of decreasing difference in atomic radius. Figure 13 shows the relationship between the atomic radius difference and interdiffusion coef cient, where each atomic radius used is that for the pure liquid at its melting temperature (Si: 1.24 Å 74) , Fe: 1.275 Å 75) , Al: 1.48 Å 76) , Au: 1.425 Å 76) , Sn: 1.635 Å 76) ). Although the temperature and the composition affect the diffusivity, a decreasing tendency was con rmed in the order Si-Fe, Si-Au, Si-Al, Si-Sn.
Application of the migration process
Finally, the application of the migration process to the direct synthesis of Si wafer from MG-Si as shown in Fig. 2 is discussed. The process enabled the impurity enriched liquid phase to be terminated at the high-temperature surface, which was controlled by the diffusion in the liquid phase. The maximum obtained migration velocity was 8.17 ×
10
−7 m/s at 1623 K. If the thickness of the Si wafer is 150 μm, such a high migration velocity would enable all of the liquid phases in the wafer to be terminated at the high-temperature surface within only 3 min. This result conrms the feasibility of directly upgrading of Si from a melt bath of MG-Si.
Conclusions
The upgrading of Si by a metallurgical process was examined by both thermodynamic and experimental assessments of the liquid phase migration technique. The results are summarized as follows;
(1) The puri cation limit of MG-Si at 1480-1687 K was assessed by thermodynamic evaluation. The estimated impurity contents were much lower than their solid solubilities of each binary system. The contents of most of the transition metals (Cr, Mn, and Ti) were found to be lowered to less than 0.05 ppmw. The contents of the other impurities (Al, Fe, Mg, and Ca) were higher than the allowable levels. Cu addition decreased the impurity contents to less than 40% at 1623 K.
(2) We newly proposed the following equation to express the solidi cation of Si from the Si-based liquid under diffusion control with the modi cation of the density difference between the solid and liquid. The migration behavior of Fe-Si liquid phases dispersed in the solid Si at 1523-1623 K was evaluated and was found to be controlled by diffusion. The maximum migration velocity of 8.17 × 10 −7 m/s at 1623 K allows the migration process to be accomplished within only 3 min for a 150-μm wafer. 66) . Fig. 12 Determined interdiffusion coef cient for Si-Fe system and values reported for various systems. The reported values obtained by the TGZM method [71] [72] [73] were recalculated using eq. (5). Fig. 13 Relationship between interdiffusion coef cients of binary Si-i systems and difference in their atomic radii at their melting point.
